Abstract. Domain walls in bulk single-crystal magnetite were studied using a variable magnetic field magnetic force microscope (MFM). Classical configurations of 180 ø, 109 ø, and 71 o walls were observed on (110) surfaces. Magnetostatic effects on these different walls were compared. Profiles of the MFM response above the walls were measured with the MFM tip magnetized in different directions. The contribution to the profiles from the z component of the sample field was distinguished from the in-plane components. An asymmetry of the z component of the response profiles for all wall types was observed, consistent with the existence of N6el caps which terminate the interior Bloch walls near the surface. The wall profiles of the non-180 ø walls were more asymmetric than that of the 180 ø walls. The 180 ø walls were observed to be subdivided into alternating polarity segments of average length 15 gm. These walls formed a characteristic zig-zag structure in which the Bloch lines separating segments were located at the corners of the zig-zag. Only unusually long 109 ø walls were observed to contain a single Bloch line, and the 71 o walls, although the longest, were never observed to be subdivided. An applied field perpendicular to the sample plane moved the Bloch lines within the walls without translating the walls themselves. Multipolar walls were converted to unipolar in perpendicular applied fields from 0 to 100 mT. Profiles of opposite polarity segments of a subdivided wall indicated that the N6el cap formation does not alternate sides of the wall from segment to segment. Alignment of opposite polarity segments of parallel subdivided walls provided an example of long range magnetostatic interactions between walls and possibly their N6el caps.
Micromagnetics and Magnetostatic Effects
The domain and domain wall structures of a magnetic system are governed by several different contributions to the total free energy. The state of lowest energy is the most probable to be achieved. The energy terms contributing to the total energy include magnetocrystalline anisotropy energy, magnetoelastic energy, exchange energy, Zeeman energy (of the external magnetic field), and magnetostatic (demagnetizing) energy. Among these, the exchange and anisotropy energies are localized interactions, making them easy to manage in theoretical simulations. The magnetoelastic energy is often small enough to neglect. Of all of these terms, the most difficult to handle is the magnetostatic energy. Originating from dipole-dipole interactions, this term is long range and nonlinear such that analytic solutions are often intractable and simulations on even the smallest systems require large numbers of iterations. Micromagnetic models have also shown that particle surfaces profoundly affect the micromagnetic structure of domain walls. At the intersection of a Bloch wall with a crystal surface, the self-magnetostatic energy of the wall will produce wall closure features. One example is the division of the domain wall into a periodic configuration of domain wall segments which alternate in polarity. Opposite polarity segments are separated by narrow transitional regions in which the magnetization rotates from one domain wall polarity to the other along the domain wall [Shtrikman and Treves, 1960a; Dunlop, 1977] 
Experimental Methods
The magnetite sample studied in this work was a synthetic single crystal grown along the [110] direction by the floatingzone technique using an image furnace [Wanamaker and Moskowitz, 1994] . The crystal slab of the order of 1 mm thick was cut parallel to a { 110} plane, and the orientation was confirmed using the Laue backreflection method. The surface was mechanically polished with diamond compounds followed by a final polish using an amorphous silica solution to achieve a smooth surface and to reduce the strained surface layer produced during the initial mechanical polishing [Hoffmann et al., 1987] . Hysteresis loops of the magnetization were consistent with typical MD behavior. Prior to imaging with the MFM, the sample was AF demagnetized in a peak field of 100 mT.
A Nanoscope TM III in conjunction with a Multimode TM scanning probe microscope from Digital Instruments was used to obtain MFM images of the magnetite single crystal. The technique which interleaves TappingMode TM and LiftMode TM allowed separate magnetic and topographic images of the same area to be measured so that correlations between surface defects such as scratches and magnetic structures could be observed [Babcock et al., 1995] . The probes used were batch-fabricated, single-crystal silicon cantilevers with integrated tips that had been sputter-coated with a magnetic thin film [Griitter et • direction; however, as will be seen later, it is useful to measure the same sample feature various times with the MFM tip magnetized in different directions each time. In addition, it will be seen that it is critical for the interpretation of the MFM response to domain wall structures to consider measurements of mixtures of sample field components, since it is experimentally difficult to measure a single field component.
The conventional model of MFM response described above is based on the assumption that the MFM response is linear in the sample field, i.e., that no alteration of the sample or tip magnetizations occurred while imaging [Hartmann, 1988] . The standard MFM tips used for this work were coated with a CoCr alloy thin film which was magnetically hard, making it reasonable to assume in this case that the magnetic properties of the tip remained fixed while imaging . However, in some instances, the sample micromagnetic structure was observed to be affected by the field of the tip. The effects of the tip field on domain wall structures could essentially be extracted from the data using an experimental 
Domain Wall Types and Bloch Lines
In addition to N6el caps, domain walls were also observed to be subdivided into alternating polarity segments separated by Bloch lines, confirming previous MFM results by Williams et al. [1992b] . The minimum length of a domain wall necessary for it to subdivide into opposite polarity segments depends on the domain wall type. As the surface pole density of the wall increases, the minimum wall length needed for subdivision decreases. Our experimental findings were consistent with this expectation. The image in Figure 5 directly through to the opposite surface of the crystal, but even more likely, it is possible that the subdivision of the walls does not penetrate the sample entirely. It is reasonable to suggest that wall segments of a subdivided wall gradually become longer as the distance from the surface increases such that deep in the sample, the wall has a single polarity. The average segment length at the surface of 15 gm provides a reasonable estimate of the depth of the penetration of the subdivision. This estimate is consistent with an estimate obtained by scaling to the results for iron described above. Shtrikman and Treves [1960b] also stated that the segments of subdivided walls are expected to zig-zag about the easy axis near the surface to further reduce the magnetostatic energy, but this was not taken into account in the model described in the above discussion. In the magnetite studied in this work, the subdivided 180 ø wall segments formed a zig-zag configuration as expected in which the corners of the zig-zag were the locations of Bloch lines. The segments formed an average angle of 4 ø with the easy axis. A relationship between the segment length and the angle it made with the easy axis was also observed; as the segment length increased, the angle it made with the easy axis decreased; that is, the amplitude of the zigzag was approximately constant along the wall. This behavior, which was also observed in iron [Proksch, 1993] , represents an equilibrium configuration minimizing surface and volume magnetostatic effects. Opposite surface polarity wall segments attract each other which promotes the zig-zag configuration. However, the additional volume magnetic charges that accumulate on the sides of the wall when the wall makes an angle with the adjacent domain magnetization result in the attenuation of the zig-zag amplitude below the surface. If the depth of the zig-zag below the surface, that is, the spatial rate of the attenuation of the zig-zag were known, more accurate analytical predictions of the segment periodicity could be made. More sophisticated 3-D micromagnetic simulations are needed to obtain this information.
In one of the previous studies of magnetite with MFM, Williams et al. [ 1992b] considered the effects of N•el caps and zig-zagging separately in trying to explain their experimental data. In our work, behavior resulting from the interplay of these two effects was observed. First, as in Figure 7 , profiles of opposite polarity segments in a subdivided wall were observed to have the same asymmetry. In Figure 7 , the attractive (black) profile has been inverted for comparison. These profiles were measured with a tip with a lower moment and narrower geometry than standard tips. These qualities allow for a tip with a lower field and hence a measurement less invasive of the sample magnetic structure. These measurements, which show similar asymmetries to the same side of the wall, indicate that the N•el cap does not alternate sides of the wall from segment to segment (as indicated by the arrows in Figure 7a 
Conclusions
The MFM was used to study intrinsic domain wall structures on a (110) surface of single crystal magnetite. This surface contains two magnetic easy axes and allowed micromagnetic features associated with the three fundamental wall types (180 ø, 109 ø, and 71 o) for magnetite to be investigated. Our results demonstrate that the magnetostatic energy resulting from the surface termination of domain walls has significant effects on the wall structures, emphasizing the need for more sophisticated 3-D micromagnetic wall models for magnetite. Our results also provide an experimental approach which can be used when studying wall features in PSD-sized (1-50 gm) magnetite particles and can help in recognizing how intrinsic wall structures may be altered by the finite particle size. The major conclusions of our study are the following: 
